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Previous studies have shown that the E7 gene of human papillomavirus (HPV) type 16 or 18 alone was
sufficient for immortalization of human foreskin epithelial cells (HFE) and that the efficiency was increased in
cooperation with the respective E6 gene, whereas the HPV6 E6 or E7 gene was not active in HFE. To detect
weak immortalizing activities of the HPV6 genes, cells were infected with recombinant retroviruses containing
HPV genes, alone and in homologous and heterologous combinations. The HPV6 genes, alone or together
(HPV6 E6 plus HPV6 E7), were not able to immortalize cells. However the HPV6 E6 gene, in concert with
HPV16 E7, increased the frequency of immortalization threefold over that obtained with HPV16 E7 alone.
Interestingly, 6 of 20 clones containing the HPV16 E6 gene and the HPV6 E7 gene were immortalized, whereas
neither gene alone was sufficient. Thus, the HPV6 E6 and E7 genes have weak immortalizing activities which can
be detected in cooperation with the more active transforming genes ofHPV16. Acute expression of the HPV6 and
HPV16 E6 and E7 genes revealed that only HPV16 E7 was able to stimulate the proliferation of cells in
organotypic culture, resulting in increased expression of the proliferative cell nuclear antigen and the formation
of a disorganized epithelial layer. Additionally, combinations of genes that immortalized HFE cells (HPV16 E6
plus HPV16 E7, HPV16 E6 plus HPV6 E7, and HPV6 E6 plus HPV16 E7) also stimulated proliferation.

Of the more than 60 different types of human papilloma-
viruses (HPVs), approximately 20 types infect the epithe-
lium of the genital mucosa. The lesions range from condy-
lomas or benign genital warts to premalignant and invasive
carcinomas. DNA typing of the HPVs has shown that there
is an association of certain types with the clinical diagnosis
of the lesion. HPV6 and HPV11 account for the majority of
condylomas (19, 50). In contrast, HPV16 and HPV18 are
found in the premalignant lesions, and these types comprise
over 90% of the cases in invasive carcinoma (6, 8, 30, 56).
The HPV16 and HPV18 E6 and E7 genes are transcription-
ally active in lesions (12, 28, 50) and in cell lines derived from
cervical carcinomas (2, 47, 49). Although HPV6 is extremely
rare in cervical tumors, tumors at other sites (vulva and
anus) have been reported to harbor HPV6 more frequently
(5), suggesting some oncogenic potential for this type. In a
few instances in which the HPV6 genome has been cloned
from the tumor, alterations in the regulatory sequences
suggested that increased transcription of the E6 or E7 gene
might be important (9, 25, 42).
The case for the involvement of HPV16 and HPV18 in

epithelial malignancy is strengthened by the fact that these
types can transform rodent and human cells. HPV16 DNA
induced morphologic transformation in NIH 3T3 cells, and
the transformed cells were tumorigenic in nude mice (55).
Cloned DNAs containing HPV16 or HPV18, in cooperation
with an activated ras gene, immortalized primary rodent
cells (29, 51), and in rare cases HPV6 and HPV11 did also
(51). The transformed cells were tumorigenic in syngeneic
immunocompetent animals. The E7 gene of HPV16 was
sufficient to cooperate with ras to produce this transforma-
tion as well as cause anchorage-independent growth in
established cell lines. Thus, the E7 gene of the oncogenic-
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associated HPVs has a strong transforming potential in
rodent cells.

Studies of human cell transformation have shown that
HPV16 and HPV18 DNA immortalized primary human
epithelial cells, whereas HPV6 and HPV11 DNA did not (26,
38, 40, 45, 54). The immortalizing functions have been
localized to the E6/E7 region of the viral genome (22, 35).
Although the HPV16 and HPV18 E6 and E7 genes in
cooperation can immortalize efficiently, the E7 gene alone is
sufficient (21, 23). In contrast, the E7 gene of HPV6 alone
did not immortalize human epithelial cells (4, 21).
Because cooperation between the functions of the E6 and

E7 genes of HPV16 has been shown to have a significant
effect on the efficiency of immortalization of human foreskin
epithelial (HFE) cells, we asked whether there was a similar
cooperativity between the E6 and E7 genes of HPV6 in
immortalization. Previous studies did not adequately ad-
dress cooperation between the HPV6 E6 and E7 genes
because the expression of the E7 protein was minimal from
constructs in which E7 was downstream of E6 (21, 52). In
this study, we evaluated the ability of the E6 and E7 genes of
HPV6 to immortalize HFE cells when expressed in trans
from a retrovirus long terminal repeat promoter. Also,
cooperation of the viral genes in heterologous combinations
was evaluated by examining whether the HPV6 E6 protein
could increase the immortalizing frequency of HPV16 E7
and whether the HPV6 E7 gene could cooperate with HPV16
E6. In addition, we tested whether the acute expression of
the E6 and E7 genes of HPV16 and HPV6b prior to immor-
talization could change the morphology or proliferative
behavior of the HFE cells in an environment promoting
cellular differentiation.

MATERIALS AND METHODS

Plasmids. The retrovirus vector pLXSN, obtained from A.
D. Miller, contains a gene conferring resistance to neomy-

2125



2126 HALBERT ET AL.

TABLE 1. HPV6b and HPV16 nucleotide sequences contained in
the recombinant retrovirus plasmids

Plasmid HPV type Nucleotide sequence

pLXSN None
pLXSN6E6 6b 48-617a
pLXSN6E7 6b 476-848a
pLXSN16E6 16 56562b
pLXSN16E7 16 551875b
pLXSN16E6E7 16 56-875b

a Nucleotide sequences are designated according to Schwarz et al. (46).
b Nucleotide sequences are designated according to Seedorf et al. (48).

cin, which is transcribed from a simian virus 40 promoter.
The retrovirus vector and the construction of plasmids have
been described previously (21). Briefly, HPV16 (48) and
HPV6 (46) DNA fragments containing the E6, E7, or E6/E7
open reading frames were inserted downstream of the Molo-
ney murine leukemia virus promoter/enhancer sequences, as
described in Table 1.

Cell culture. NIH 3T3-derived mouse fibroblast lines, Psi-2
and PA317, obtained from A. D. Miller, were maintained in
Dulbecco's modified minimal essential medium supple-
mented with 10% fetal bovine serum and antibiotics. Psi-2
and PA317 cells were used as packaging cell lines to make
ecotropic and amphotropic viruses, respectively (33). Hu-
man primary and secondary epithelial cultures were derived
from neonatal human foreskin epithelium. Day-old foreskin
biopsies were cut into 1- to 2-mm squares and incubated
overnight at 4°C in phosphate-buffered saline (PBS) contain-
ing dispase (25 mg/ml). The epidermis was separated from
the underlying dermis, trypsinized, and sheared into single-
cell suspensions. Cells were pelleted, resuspended in serum-
free medium (SFM; GIBCO, Grand Island, N.Y.), and
plated onto 100-mm dishes. The epithelial cells were used for
infection with recombinant HPV-containing retroviruses
within 14 days of establishment of the primary epithelial
culture.

Generation of amphotropic retroviruses. Production of
recombinant retroviruses was done according to a previ-
ously described procedure (33). Plasmid DNA was trans-
fected into Psi-2 cells by calcium phosphate precipitation.
Viral supernatants derived from transfected Psi-2 cells were
used to infect PA317 cells to generate clonal lines containing
one unrearranged proviral copy of the HPV gene. Following
infection and drug selection in G418 (1 mg/ml), such clonal
lines of PA317 were used to generate viruses used for
infection of epithelial cells. Viral titers were approximately 3
X 104 to 5 x 104/ml. All infection media contained Polybrene
(4 A±g/ml).

Infection of HFE cells. One milliliter of viral supematant
(LXSN, LXSN16E6, or LXSN6E6) was combined with 3 ml
of SFM and overlaid onto HFE cells seeded the previous day
at 5 x 105 cells per 60-mm dish. After 9 h, the viral
supernatant was removed, and the cells were washed twice
with PBS and fed SFM. The following day, 50, 10, and 1% of
the cells were replated onto 100-mm dishes. After attach-
ment, the cells were drug selected in medium containing
G418 (50 ,ug/ml). Selection was completed on day 7. On day
8, the second virus (LXSN, LXSN16E7, or LXSN6E7) was
introduced, and the clones of epithelial cells were isolated
when they approached 2 to 4 mm in diameter. The cell lines
obtained after the infection procedure are designated accord-
ing to the order of the introduced recombinant retrovirus.

Immortalization of HFE cells. Both pooled and clonal

populations of secondary HFE cells which contained homol-
ogous and heterologous combinations of the E6 and E7
genes, as well as control populations, were passaged to
assay for immortalization in SFM medium. Cell lines were
split approximately 1:6 once a week, and lines which con-
tinued to proliferate after 8 months in culture were consid-
ered to be immortal. The cooperation of HPV16 E6 and E7
genes (LXSN16E6E7) was previously shown to have high
immortalizing efficiency (21); therefore, this virus was used
as a control to evaluate the efficiency of the immortalization
assay.

Radioimmunoprecipitations. One 100-mm dish which con-
tained cells at 75% confluence was labeled with medium
supplemented with [35S]cysteine (200 ,uCi per plate; NEN)
and 35S-express label (100 p,Ci per plate; Amersham) for 2 h.
Rabbit polyclonal antisera generated against HPV16 and
HPV6 E6 and E7 bacterial fusion proteins (16) were used to
precipitate the HPV proteins. Equivalent trichloroacetic
acid-precipitable counts of labeled protein extracts were
reacted with antiserum to allow semiquantitation of protein
levels. Radioimmunoprecipitation was done according to a
previously described procedure (24).

Organotypic cultures (rafts). Primary HFE cells were
infected with the recombinant viruses (LXSN, LXSN16E6,
LXSN16E7, LXSN16E6E7, LXSN6E6, and LXSN6E7) and
selected in medium containing G418. At passage 1 after
selection, pooled populations were used to generate rafts.
Raft cultures were made by using a modification of previ-
ously published procedures (1, 7, 27, 31). Briefly, a dermal-
equivalent collagen layer was prepared as described by the
manufacturer (Collaborative Research Inc., Bedford,
Mass.); 3 x 105 primary human fibroblasts were mixed with
collagen, polymerization buffer, and nutrient medium. The
primary and secondary foreskin dermal fibroblasts were
isolated and maintained as described previously (7). Follow-
ing polymerization, approximately 5 x 105 cells of retrovi-
rus-infected epithelial cells were seeded on top of the colla-
gen gel. The cultures remained submerged for 7 days and
were raised to an air-liquid interphase for 12 days subse-
quently. Cultures were fed every other day with a modified
Rheinwald and Green medium (31). The serum in the growth
medium was delipidized as instructed by the manufacturer
(International Enzymes Inc., Fullbrook, Calif.). Thereafter,
the medium was supplemented with 10-8 M retinoic acid.
Rafts were fixed in 10% buffered formaldehyde, paraffin
embedded, sectioned, and stained with hematoxylin and
eosin for morphologic analysis.

Immunohistochemical staining for PCNA. Sections of For-
malin-fixed rafts were reacted with a mouse monoclonal
antibody to the proliferative cell nuclear antigen (PCNA).
Localization of the antibody by the streptavidin-biotin
immunoperoxidase method was done by a technique de-
scribed previously (18, 20).

RESULTS

Immortalization of HFE cells by the E6 and E7 proteins of
HPV6 and HPV16. The HFE cells were sequentially infected
with recombinant retroviruses. After infection with the first
virus and selection in drug-containing medium, 100-mm
plates containing approximately 30 to 50 colonies of HFE
cells (approximately 8 to 16 cells per colony) were infected
with the second virus. Clones as well as pooled populations
were passaged for immortalization. The results of the im-
mortalization assay are shown in Table 2. The clones ob-
tained after infection with viruses in combination LXSN+
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TABLE. 2. Immortalization efficiency of combinations
of HPV genes

Incidence of immortalized cell lines
Infecting virus
combination' Clonal Pooled

populationsb populations'

LXSN+LXSN 0/12
LXSN+LXSN6E7 0/20
LXSN+LXSN16E7 3/20 +
LXSN6E6+LXSN 0/12
LXSN6E6+LXSN6E7 0/20
LXSN6E6+LXSN16E7 10/20 +
LXSN16E6+LXSN 0/12 +
LXSN16E6+LXSN6E7 6/20 +
LXSN16E6+LXSN16E7 12/12 +
LXSN16E6E7 10/12 +

a Each infecting virus combination is designed by the recombinant viruses
used, listed in the order in which they were introduced into the cells.

b Given as the ratio of the number of clones analyzed that achieved
immortalization to the total number of clones analyzed.

c +, an immortalized cell line resulted from passaging of a pooled popula-
tion of infected cells; -, passaging of a pooled population yielded no
immortalized lines.

LXSN, LXSN+LXSN6E7, LXSN16E6+LXSN, or LXSN
6E6+LXSN did not yield any immortalized cell lines. The
corresponding pooled populations for each for these clonal
lines yielded no immortalized lines except in the pooled
population which contained the HPV16 E6 gene (LXSN

16E6+LXSN). As expected from previous studies, 3 of 20
clones which received HPV16 E7 alone (LXSN+LXSN
16E7) became immortalized, whereas all 12 clones chosen
after introduction of the HPV16 E6 and E7 genes in trans
yielded immortalized cell lines (LXSN16E6+LXSN16E7).
This was comparable to the frequency achieved by the
construct expressing the HPV16 E6 and E7 genes in cis,
LXSN16E6E7, in which 10 of 12 clones were immortalized.
Ten of twenty clones obtained from infection with

LXSN6E6 and LXSN16E7 yielded immortalized lines. This
incidence reflects a threefold increase over the number
obtained in an infection with the combination LXSN+
LXSN16E7. In addition, LXSN6E6+LXSN16E7 cell lines
did not exhibit as drastic a cell crisis as did cell lines which
had only HPV16 E7 (LXSN+LXSN16E7) (Fig. 1, C and B,
respectively). The cell crisis which occurred was marked by
low plating efficiency, slow growth, and a heterogeneous
population of large and small cells. Following crisis, the
resultant populations stabilized and often became as prolif-
erative as cells that contained both HPV16 E6 and E7 genes
(Fig. 1D).

Six of twenty clonal populations obtained from infection
with LXSN16E6 and LXSN6E7 yielded immortalized lines.
These cell lines behaved similarly to cells which contained
LXSN6E6+LXSN16E7, exhibiting cell crisis and subse-
quent recovery. In contrast, the combination of
LXSN6E6+LXSN6E7 yielded no immortalized lines either
in the pooled population or among the clones.
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FIG. 2. Immunoprecipitation of the HPV E6 and E7 proteins. The relative levels of the HPV E6 and E7 proteins in HFE cell lines
immortalized by homologous and heterologous combinations of the HPV genes are shown. Cells were metabolically labeled in medium which
contained [35S]cysteine and [35S]methionine. Cell extracts were incubated with polyclonal rabbit immune serum. (A) Immunoprecipitation of
the HPV16 k7 pioteinl in three immortalized cell lines obtained from infection with the combination LXSN+LXSN16E7 (lanes 1 through 3),
five cell linies fromn inifection with LXSN6E6+LXSN16E7 (lanes 4 through 8), four cell lines from infection with LXSN16E6+LXSN16E7
(lanes 9 through 12), and 10 cell lines from infection with LXSN16E6E7 (lanes 13 through 22). As a control, normal HFE cells (lane N in all
panels) were reacted with the anti-E7 serum. The HPV16 E7 protein is indicated by an arrow. (B) Immunoprecipitation of HPV6 E7 protein
in six irrmmortalized cell lines obtained from infection with LXSN16E6+LXSN6E7 (lanes 1 through 6). (C) Immunoprecipitation of HPV16 E6
protein in 10 cell lines im-mortalized by infection with LXSN16E6+LXSN16E7 (lanes 1 through 10) and in all six cell lines from infection with
LXSN16L6+L1XSN6E7 (lanes 11 through 16). (D) Immuunoprecipitation of HPV6 E6 protein in 10 cell lines immortalized by
LXSN6L6+LXSN16L7 (lanes 1 through 10).

Detection of HPV proteins in cell lines. It was necessary to
verify that viral genes were expressed in the immortalized
cell lines obtained because (i) the introduction of the second
virus was not followed by drug selection and (ii) it has been
reported that the expression of retrovirus-introduced genes
can be repressed after an extended tirmc in the cell (37). All
cell lines isolated after infection with the LXSN16E7 virus
expressed the HPV16 E7 protein (Fig. 2A). The clones from
the combination LXSN+LXSN16E7 (Fig. 2A, lanes 1 to 3)
or LXSN6E6+LXSN16E7 (Fig. 2A, lanes 4 through 8)
expressed higher levels of the HPV16 E7 protein than did the
ones which contained LXSN16E6+LXSN16E7 (Fig. 2A,
lanes 9 through 12) or LXSN16E6E7 (Fig. 2A, lanes 13
through 22) IThe cell lines obtained from infection with
LXSN16L6 and LXSN6E7 expressed variable amounts of
the HPV6 E7 protein (compare lanes 1 through 6 in Fig. 2B).
This protein exhibited at least two migrating forms with
molecular sizes of approximately 11 and 13 kDa, as previ-
ously reported (17). High levels of expression of HPV6 E7
protein could occui in the absence of immortalization,
because similar levels of HPV6 E7 protein were found in
clones obtained from infection with LXSN6E7 virus alone
(data not shown). The sizes of the HPV16 and HPV6 E6

proteins were approximately 18 kDa (Fig. 2C and D), com-
pared with the more slowly migrating 21-kDa HPV16 E7
protein. When the sizes of the two HPV E6 proteins were
compared on the same protein gel in contiguous lanes, the
HPV16 E6 protein was slightly larger than the HPV6 E6
protein (data not shown). The respective E6 proteins were
expressed in all of the clonal lines analyzed by immunopre-
cipitation.

Detection of the HPV16 E7 protein in pooled populations at
different passages. Because the level of the HPV16 E7
protein was always low when HPV16 E6 was present and
always high in other combinations that resulted in immortal-
ization, expression was examined in the pooled populations
at various passages to determine whether a similar pattern
occurred. Cells infected with LXSN16E7 and subsequently
drug selected expressed higher levels of the E7 protein than
did cells infected with LXSN16E6E7 (Fig. 3, lanes under 1
and 2, respectively). The level of E7 expression was similar
between passage 1 and passage 8 (approximately 2 months in
culture) in either population. The amount of HPV16 E7
protein in cells in which it was introduced as the second
virus was low at passage 1 and increased dramatically at
passage 8 in the LXSN+LXSN16E7 and LXSN6E6+

J . V IROL.
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FIG. 3. Immunoprecipitation of the HPV16 E7 protein in pooled
populations. The relative levels of the HPV16 E7 protein at passage
one (P1) and passage eight (P8) are shown. Pooled populations of
HFE cells which contained HPV genes (1, LXSN16E7; 2,
LXSN16E6E7; 3, LXSN+LXSN16E7, 4, LXSN6E6+LXSN16E7;
5, LXSN16E6+LXSN16E7) were metabolically labeled, and equiv-
alent amounts of trichloroacetic acid-precipitable counts were re-

acted with immune (I) and nonimmune (NI) rabbit sera. Normal
HFE cells (N) were also reacted with the rabbit immune serum. The
E7 protein is indicated by an arrow.

LXSN16E7 populations (Fig. 3, lanes under 3 and 4, respec-
tively) but remained low in the LXSN16E6+LXSN16E7 cell
line (Fig. 3, lanes under 5). Thus, the level of the HPV16 E7
protein was similarly low when it was expressed in trans as
when expressed in cis to HPV16 E6. Southern blot hybrid-
ization showed that the copy number of the HPV16 E7 gene
in the different pooled populations was comparable at pas-

sage 8 and thus did not account for the differences seen in the
HPV16 E7 protein levels (data not shown).

Effect of the E6 and E7 genes on the organization and
proliferation of cells in organotypic culture. To determine the
extent to which the E6 and E7 genes of HPV6 and HPV16
could alter the organization of cells in a differentiation-
promoting environment, cells were evaluated for the ability
to stratify and form an epithelium exhibiting normal cellular
architecture at passage 1 following selection in G418. Immu-
noprecipitation of metabolically labeled lysates demon-
strated that each of the transferred viral genes was expressed
(data not shown). Cultures containing LXSN, LXSN16E6,
LXSN6E6, and LXSN6E7 at passage 1 retained the ability
to terminally differentiate, as exhibited by the formation of
an organized epithelium consisting of basal, stratified, gran-
ulated, and comified layers (Fig. 4A, C, E, and F, respec-
tively), resembling the normal, orderly process of squamous
terminal differentiation of untreated primary HFE cells. The
nuclei which were retained in the basal layer were gradually
lost as the cells migrated to the upper layers concomitant
with accumulation of keratohyalin granules, and the nucleus-
to-cytoplasm ratio was low.

In contrast, the epithelium generated by the culture which
contained LXSN16E7 was markedly different from normal
epithelium, appearing disorganized and exhibiting variable
presence of a granulated layer as well as a cornified layer
(Fig. 4D). The basal and suprabasal layers seemed exagger-

ated, and the cornified layer often was a loose aggregate of
cells. There was retention of nuclei in the more superficial
layers, as well as presence of mitotic cells above the basal
layer. The nuclei of cells were often enlarged and hyperchro-
matic, and the nucleus-to-cytoplasm ratio was high in these

cells throughout the layers. These features are characteris-
tics of cervical dysplasias seen in vivo. The epithelium
generated by cells containing LXSN16E6E7 exhibited simi-
lar features. The addition of HPV16 E6 did not seem to
enhance the biological effects seen with HPV16 E7 alone.
Indeed, the morphology of the rafts produced with cultures
containing LXSN16E6E7 seemed more normal, having a
well-defined cornified layer (Fig. 4B).
To assess the proliferative capacity of the cells within the

epithelium, cells were stained with an antibody to PCNA, a
subunit of DNA polymerase a in proliferating cells (10, 34,
42). Rafts of cultures containing LXSN, LXSN16E6,
LXSN6E6, and LXSN6E7 showed staining for PCNA in a
few cells of the basal layer (Fig. 5A, C, E, and F). The raft
of normal secondary HFE cells also stained only in the
proliferation-competent basal cells (result not shown). In
contrast, cells containing LXSN16E7 and LXSN16E6E7
showed extensive staining with the PCNA antibody (Fig. 5D
and B, respectively). PCNA was expressed in the nuclei of a
majority of cells throughout the epithelium.
Because the HPV16 E6, HPV6 E6, and HPV6 E7 genes

did not by themselves immortalize HFE, nor did the genes
alter the morphology or PCNA staining of cells in organo-
typic cultures, it was of interest to examine their activity in
combinations that lead to immortalization of the HFE cells.
Cell lines containing LXSN16E6 and LXSN6E7 produced
rafts with an abnormal morphology and exhibited PCNA
staining throughout all layers of the epithelium at passage 20
(Fig. 6A and C). The other panels show the morphology and
PCNA staining of immortalized cell lines at a similar passage
containing LXSN6E6 and LXSN16E7 (Fig. 6B and D). All
exhibited a disorganized morphology and aberrant expres-
sion of PCNA.

DISCUSSION

Some of the immortalization results presented here are
similar to those obtained in previously published studies.
Infection with recombinant retroviruses which resulted in
introducing only one HPV gene showed that HPV16 E6,
HPV6 E6, or HPV6 E7 did not immortalize HFE cells at an
incidence detectable on a clonal basis. Additionally, the
HPV16 E7 gene alone immortalized HFE cells and was more
efficient in the presence of HPV16 E6 and HPV6 E6.
Interestingly, the pooled population which contained HPV16
E6 alone (LXSN16E6+LXSN) became immortalized, al-
though no immortalization occurred in the 12 clonal lines
selected from this population, suggesting a low immortaliz-
ing activity of HPV16 E6 in HFE cells.
The ability of the HPV6 E6 and E7 genes to cooperate

with each other to effect immortalization was not detected in
the clonal or pooled populations. Cooperation between the
E6 and E7 genes of HPV6 in previous studies was inconclu-
sive because of the inability to detect the HPV6 E7 protein
expressed from the continuous DNA segment encoding the
HPV6 E6 and E7 genes (21, 52). In this study, the expression
of both HPV6 E6 and E7 genes was demonstrated by
immunoprecipitation. Therefore, the results suggest that the
HPV6 proteins, in combination, have little transforming
ability.
Two observations suggested that the HPV6 E6 gene

enhanced the immortalization potential of the HPV16 E7
gene. First, there was a threefold increase in the incidence of
immortalized clones obtained in an infection with the 6E6
and 16E7 in combination, compared with infection with
HPV16 E7 alone. Second, the clonal lines containing HPV6
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FIG. 4. Morphology of HFE cells on rafts. Cross-sections of rafts were stained with hemotoxylin and eosin. Cells containing LXSN (A),
LXSN16E6 (C), LXSN6E6 (E), and LXSN6E7 (F) exhibited a normal epithelium and squamous differentiation. LXSN16E6E7 (B) and
LXSN16E7 (D) rafts showed an abnormal morphology. Magnification, x200.

E6 and HPV16 E7 appeared more proliferative during cell
crisis than did lines containing HPV16 E7 only. The E6
proteins of both HPV types have been shown to transacti-
vate transcription (lla). Whether the E6 proteins of both
types or only HPV16 E6 binds to p53 is somewhat contro-
versial (lla, 53); however, only the HPV16 E6 protein
promotes the degradation of p53. At present, it is unclear

which property of E6 is associated with the ability to
cooperate with E7 in the immortalization of HFE cells.
The combination of HPV6 E7 and HPV16 E6 clearly

showed immortalizing activity. The finding that the HPV6
E7 gene cooperated with the heterologous HPV16 E6 gene
was not totally unexpected because the HPV6 E7 protein has
been shown to be similar to the HPV16 E7 protein. Both E7
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FIG. 5. Proliferation of HFE cells on rafts. Cross-sections of rafts were stained with a monoclonal antibody to PCNA and counterstained
with methyl green. HFE cells containing LXSN (A), LXSN16E6 (C), LXSN6E6 (E), and LXSN6E7 (F) exhibited antigen-positive cells in the
basal layer, whereas cells which contained LXSN16E6E7 (B) or LXSN16E7 (D) showed staining throughout all layers of the epithelium.

proteins can be phosphorylated by casein kinase II and
contain cysteine-X-X-cysteine motifs (3, 15, 17) that have
been found to be important for transformation and transac-
tivation by the HPV16 E7 protein (11, 14). Both E7 proteins
complex with the retinoblastoma protein (Rb), although the
HPV6 E7 protein has been reported to bind with a lesser
affinity than that exhibited by HPV16 E7 (13, 17, 36).
Barbosa and coworkers (4) have also analyzed the contri-

bution of the E6 and E7 proteins of HPV6 in inducing
anchorage independence in NIH 3T3 cells and in immortal-
izing human epithelial cells. They concluded that the HPV6
E7 gene had weak transforming activity in rodent fibroblasts
but could not detect any immortalizing activity in human
cells, using the HPV6 genes alone or in combination with the
HPV16 genes. Our ability to detect immortalizing activities
in human cells is likely due to the gene transfer method.
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FIG. 6. Morphology and proliferation of cells immortalized by heterologous combinations ofHPV genes. Cross-sections of rafts generated
by LXSN16E6+LXSN6E7 (A and C) or LXSN6E6+LXSN16E7 (B and D) were stained with hemotoxylin and eosin (A and B), and
immunohistochemistry was done to detect PCNA (C and D).

Infection with amphotropic recombinant retroviruses pro-

vides for efficient transfer and integration of HPV genes

concomitant with a detectable level of expressed proteins.
Additionally, infection of epithelial cells by recombinant
viruses yields high viability of cells; i.e., after gene transfer
and drug selection, cells proliferate as well as do normal
untreated HFE cells, even those cells which contain vector
only.
We had shown previously that immortalization by HPV16

E7 alone is associated with high levels of E7 protein expres-
sion (21), an observation that was confirmed in this study.
Expression of the HPV6 E6 protein did not result in low
levels of HPV16 E7 protein. One possible explanation is that
there is a requirement for high levels of the HPV16 E7
protein in the absence of strong E6 activity. The fact that
clones expressing HPV16 E6 uniformly exhibited low levels
of the HPV16 E7 protein might indicate that high levels of
both HPV16 E6 and E7 proteins are deleterious for the cell.
An alternative explanation is that the HPV16 but not the
HPV6 E6 protein may suppress the level of HPV16 E7
protein, either at a transcriptional or a posttranslational
level.
Growth of HPV-immortalized cell lines in organotypic

cultures produces an epithelial layer exhibiting an abnormal
morphology with phenotypes similar to that observed in
premalignant lesions and in carcinomas found in vivo (7, 31).
The acute expression of HPV genes following infection with

recombinant retroviruses allowed us to determine which
aspects of the phenotype were directly due to the viral genes
and which aspects were due to cellular changes. Our results
demonstrated that expression of the HPV16 E7 gene was
correlated with a dyplastic morphology and the proliferation
of cells in areas of the epithelium which normally do not
express the proliferation-associated antigen. This finding is
consistent with the observation that induction of HPV16 E7
message level increased incorporation of tritiated thymidine
or DNA synthesis in cells growth arrested by contact inhi-
bition and serum starvation (43).
The fact that HPV6 E7 did not result in a dyplastic

morphology or aberrant PCNA staining indicates that the
binding of Rb may not be sufficient for this behavior because
HPV6 E7 is also capable of binding Rb, although with less
affinity then HPV16 E7 (13, 17, 36). Alternatively, a suffi-
cient amount of Rb must be bound and inactivated for this
effect, and the E7 protein of HPV6 is incapable of doing so.

The addition of HPV16 E6 did not enhance the biological
effects exhibited by HPV16 E7 because of the morphology of
the rafts produced with cultures containing LXSN16E6E7
was not more abnormal than in cultures containing LXSN
16E7. In some cases, the E6/E7-expressing cultures were

less disorganized, which may be because LXSN16E6E7
expressed less E7 protein than did LXSN16E7. Thus, al-
though HPV16 E6 contributes to immortalization of human
epithelial cells, expression of HPV16 E6 did not result in an
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abnormal phenotype on rafts. Furthermore, although the
HPV16 E6 protein leads to degradation of the p53 gene

product, this does not result in a stimulation in cellular
proliferation. Interestingly, the combination of HPV16 E6 and
HPV6 E7 resulted in the ability to immortalize HFE cells, and
the two proteins in concert signal the cells to proliferate
continually, resulting in an abnormal phenotype when the
cells were placed in an environment which stimulated normal
HFE cells to cease proliferation and terminally differentiate.

Recent work by Merrick and coworkers (32) showed that
differentiation markers such as keratins were not consis-
tently altered in late-passage HPV-immortalized cells,
whereas proliferation markers were. Our analysis of epithe-
lial cells directly after gene transfer is consistent with their
results. Thus, the direct result of the expression of HPV-
immortalizing genes is an alteration in proliferation.

In conclusion, this study demonstrated that the E6 and E7
genes of HPV6 have activities which contribute to immor-
talization of human epithelial cells when used in cooperation
with the strong transforming proteins of HPV16. Second, the
E7 gene of HPV16 and combinations of HPV genes that
result in immortalization of HFE cells, such as HPV16 E6
and HPV6 E7, promote proliferation of cells, resulting in the
appearance of a disorganized epithelium and the aberrant
expression of PCNA.
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